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Interaction with IQGAP1 Links APC
to Rac1, Cdc42, and Actin Filaments
during Cell Polarization and Migration
2002). Cdc42 is known to participate in the cell polariza-
tion of Caenorhabditis elegans embryos through an in-
teraction with the PAR-3/PAR-6/PKC-3 complex (Gotta
et al., 2001; Kay and Hunter, 2001). Recently, the regula-
tory mechanism of actin cytoskeleton by Cdc42 and
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Graduate School of Medicine PAK, and IQGAP1 (Kaibuchi et al., 1999; Raftopoulou
and Hall, 2004). It has been discovered that Rho family65 Tsurumai
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IQGAP1, an effector of Rac1 and Cdc42, is an integralThe University of Tokyo
1-1-1 Yayoi protein of cytoskeletal organization (Briggs and Sacks,
2003; Fukata et al., 2003). We have shown that IQGAP1Bunkyo, Tokyo 113-0032
Japan localizes to basolateral membranes and regulates
E-cadherin-mediated cell-cell contacts both positively
and negatively in epithelial cells (Fukata and Kaibuchi,
2001; Noritake et al., 2004). IQGAP1 also accumulatesSummary
at leading edges and cross-links actin filaments and
contributes to cell migration (Briggs and Sacks, 2003;Rho family GTPases, particularly Rac1 and Cdc42, are
Fukata et al., 2003). We have recently identified CLIP-key regulators of cell polarization and directional mi-
170 as an IQGAP1-interacting molecule (Fukata et al.,gration. Adenomatous polyposis coli (APC) is also
2002). The linkage of the plus ends of microtubules tothought to play a pivotal role in polarized cell migra-
a special cortical region is essential for the establish-tion. We have found that IQGAP1, an effector of Rac1
ment of cell polarity and directional migration. TIPs—and Cdc42, interacts directly with APC. IQGAP1 and
includingCLIP-170, EB1, anddynein/dynactin—specificallyAPC localize interdependently to the leading edge in
accumulate at the ends of growingmicrotubules and servemigrating Vero cells, and activated Rac1/Cdc42 form
as components of the capturing devices ofmicrotubulesa ternary complex with IQGAP1 and APC. Depletion
at the special cortical region (Gundersen, 2002; Schuylerof either IQGAP1 or APC inhibits actin meshwork for-
and Pellman, 2001). Rac1 and Cdc42 appear to markmation and polarized migration. Depletion of IQGAP1
special cortical spotswhere the IQGAP1/CLIP-170 com-or APC also disrupts localization of CLIP-170, a micro-
plex is targeted (Fukata et al., 2002). IQGAP1 regulatestubule-stabilizing protein that interacts with IQGAP1.
actin filaments and microtubules under the control ofTaken together, these results suggest a model in
Rac1 andCdc42,which leads to cell polarization andmi-which activation of Rac1 and Cdc42 in response to
gration.migration signals leads to recruitment of IQGAP1 and
Adenomatous polyposis coli (APC) is an importantAPC which, together with CLIP-170, form a complex
tumor suppressor in the human colon, and it is con-that links the actin cytoskeleton and microtubule dy-
served in various organisms. Most somatic APC muta-namics during cell polarization and directional mi-
tions occur in its central mutation cluster region (Figuregration.
1B), and these typically result in the generation of trun-
cated APC (Bienz, 2002; Bienz and Clevers, 2000; PeiferIntroduction
andPolakis, 2000). It iswell known that APCdestabilizes
-catenin, a key effector of the Wnt signaling pathwayThe coordinated reorganization of actin filaments and
(Bienz and Clevers, 2000; Peifer and Polakis, 2000). Amicrotubules is necessary for cell polarization and mi-
number of intracellular locations have been describedgration. Rho family GTPases play pivotal roles in cell
for APC (Bienz, 2002), including clusters at the corticalpolarization and migration through the regulation of cy-
regions where microtubules are targeted (Na¨thke et al.,toskeletons and adhesions (Nelson, 2003; Raftopoulou
1996). APC binds to microtubules directly and indirectlyand Hall, 2004; Ridley et al., 2003). Rac1 and Cdc42,
via EB1 (Munemitsu et al., 1994; Su et al., 1995). Thiswhich are members of Rho family GTPases, have been
linkage stabilizes microtubules in vivo and in vitro (Mo-implicated in T cell polarization toward antigen-present-
gensen et al., 2002; Zumbrunn et al., 2001). Truncateding cells; the directed cellmovement of fibroblasts,mac-
APC is thought to impair cell polarization and migrationrophages, and astrocytes; and in apico-basolateral po-
(Dikovskaya et al., 2001). In fact, truncated APC appearslarization of epithelial cells (Etienne-Manneville and Hall,
to show a dominant-negative effect on the polarized
migration of enterocytes toward gut lumen (Mahmoud et*Correspondence: kaibuchi@med.nagoya-u.ac.jp
al., 1997). Recently, Etienne-Manneville and Hall (2003)3Present address: Department of Physiology, University of Califor-
nia, San Francisco, 600 16th Street, San Francisco, California 94107. reported that APC regulates cell polarization under the
Developmental Cell
872
Figure 1. APC Forms a Complex with IQGAP1
(A) Vero cells were lysed, and the supernatants were incubated with indicated antibody. The immunocomplexes were subjected to immunoblot
analysis with indicated antibodies.
(B) Schematic representation of APC. The structures of APC and its various deletion fragments are represented. MCR, mutation cluster region.
(C) Indicated EGFP-APC fragments were transfected into COS7 cells and immunoprecipitated with anti-GFP antibody. Endogenous IQGAP1
was coimmunoprecipitated with EGFP-APC-M1 (left). The expression levels of the different APC fragments were comparable (right). The
results were representative of three independent experiments.
control of Cdc42, Par6, and aPKC in primary astrocytes. respectively. To determine which region of APC is re-
sponsible for the interaction with IQGAP1, the indicatedThus, APC apparently plays pivotal roles in cell polariza-
tion andmigration. However, little is known about where fragments of APC were expressed as enhanced green
fluorescent protein (EGFP) fusion proteins in COS7 cellsand how APC is anchored at the special cortical sites
and how APC controls cell polarization and migration. (Figure 1B), followed by immunoprecipitation. Endoge-
nous IQGAP1 was specifically coimmunoprecipitatedOur present results show that IQGAP1 directly inter-
acts with APC and that activated Rac1 and Cdc42 form with EGFP-APC-M1 (aa 221–958) but not with EGFP,
EGFP-APC-NT (aa 1–220), EGFP-APC-M2 (aa 959–a tripartite complex with IQGAP1 and APC. We have
also found that IQGAP1 andAPC are recruited to leading 1338), EGFP-APC-M3 (aa 1211–2075), or EGFP-APC-CT
(aa 2076–2843) (Figure 1C). Considering the fact that theedges interdependently. The depletion of IQGAP1 or
APC prevents the formation of the actin meshwork and amount of IQGAP1 is about 20 times more than that of
APC, these results indicate that APC forms a complexthe migration of polarized cells. Thus, Rac1 and Cdc42
can link APC to cortical actin filaments through IQGAP1 with IQGAP1 and that the armadillo repeats of APC are
responsible for the interaction with IQGAP1.for cell polarization and directional migration.
Results IQGAP1 Directly Interacts with APC
To examinewhether IQGAP1directly interactswith APC,
an in vitro binding assay was performed. Because theAPC Forms a Complex with IQGAP1
We first examined the relationship between IQGAP1 and armadillo repeats of APC are sufficient for binding to
IQGAP1 (Figure 1C), maltose binding protein (MBP)-APC by using immunoprecipitation. IQGAP1was specif-
ically coimmunoprecipitated with APC (Figure 1A). APC fused IQGAP1 fragments were purified (Figure 2A) and
loaded onto the affinity beads coated with glutathi-was reciprocally coimmunoprecipitated with IQGAP1
(Figure 1A). The stoichiometry of IQGAP1 associated to one S-transferase (GST)-APC-M1 (Figure 1B). MBP-
IQGAP1-C (aa 746–1657) and MBP-IQGAP1-CT (aaimmunoprecipitated APC and that of APC associated
to immunoprecipitated IQGAP1 was about 0.2 and 0.01, 1503–1657) specifically interacted with GST-APC-M1,
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Figure 2. IQGAP1 Directly Interacts with APC
(A) Schematic representation of IQGAP1. The structures of IQGAP1 and its various fragments are represented. CHD, calponin homology
domain; GRD, ras GAP-related domain; IQ motif, a calmodulin binding motif; IQ repeats, IQGAP-specific repeat motif.
(B) Purified MBP fusion proteins were mixed with the affinity beads coated with purified GST-APC-M1. Bound MBP fusion proteins were
coeluted with GST fusion proteins by the addition of glutathione. The eluates were subjected to SDS-PAGE, followed by immunoblotting with
anti-MBP antibody. The bands lower than MBP-IQGAP1-C in the input indicate the degradation products of MBP-IQGAP1-C, which lacked
the carboxyl terminus of IQGAP1.
(C) Saturable interaction of purified GST-APC-M1 with MBP-IQGAP1-CT. The indicated concentrations of MBP-IQGAP1-CT were incubated
with the beads coated with GST-APC-M1 (100 pmol), and the Kd value was calculated using Scatchard analysis. The results were representative
of three independent experiments.
but neither MBP, MBP-IQGAP1-N (aa 1–863), nor MBP- These results suggest that IQGAP1, APC, and CLIP-170
can form a complex in cells.IQGAP1-GRD (aa 998–1271) did (Figure 2B). MBP-fused
IQGAP1 fragments did not interact with GST or GST-
RhoGDI, a protein that is unrelated to IQGAP1 and was APC Localizes at Leading Edges
where IQGAP1 Accumulatesused as a negative control (data not shown). In addition,
we confirmed that purifiedMBP-APC-M1 bound toGST- APC is known to accumulate at the tips of membrane
protrusions, the plus ends of growingmicrotubules, andIQGAP1-WT (data not shown). These results indicate
that the armadillo repeats of APC directly interact with leading edges (Kodama et al., 2003; Mimori-Kiyosue et
al., 2000; Na¨thke et al., 1996). In Vero fibroblasts, APCthe carboxy-terminal region of IQGAP1. The binding of
MBP-IQGAP1-CT to GST-APC-M1 was dose dependent localized at leading edges where IQGAP1 accumulated
(Figure 3A). Because leading edges are thicker thanand saturable (Figure 2C). The results of Scatchard anal-
ysis revealed a single class of affinity binding sites with other parts of lamella, we compared theAPC localization
with the cytoplasmic dye CMFDA (5-choloromethylfluo-aKd50 nM. Taken together, we conclude that IQGAP1-
CT binds toAPC-M1 (armadillo repeats). Because IQGAP1- rescein diacetate). The accumulation of APC at the lead-
ing edges was greater than that of CMFDA (data notCT (aa 1503–1657) also binds to CLIP-170 (Fukata et al.,
2002), we constructed additional deletion fragments and shown).
We compared the localization of Rac1 andCdc42withperformed an in vitro binding assay, but we could not
distinguish between the APC and CLIP-170 binding re- that of IQGAP1 andAPC (Figure 3B). In Vero cells, EGFP-
Rac1-WT and EGFP-Cdc42-WT accumulated to leadinggions within the carboxy-terminal region of IQGAP1. It
is, however, worth noting that CLIP-170 did not compete edges, where IQGAP1 and APC also accumulated (Fig-
ure 3B). When EGFP-APC-M1 was immunoprecipitatedwith the binding of IQGAP1-CT to APC-M1 in vitro (data
not shown). Consistentwith this, both IQGAP1andCLIP- from the cells expressing EGFP-APC-M1 and constitu-
tively active Rac1 (Rac1V12), both Rac1V12 and IQGAP1170 were immunoprecipitated with APC (Figure 1A).
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Figure 3. APC Localizes at Leading Edges where IQGAP1 Accumulates
(A) Vero cells were doubly stained with anti-IQGAP1 and anti-APC-C antibodies. APC localized at leading edges, where IQGAP1 accumulated.
Scale bar equals 10 m.
(B) EGFP-fused Rac1 or Cdc42 was transfected into Vero cells. Cells were stained with anti-IQGAP1 antibody and anti-APC-C antibody.
IQGAP1 and APC localized at leading edges where EGFP-Rac1-WT or EGFP-Cdc42-WT accumulated. The regions in white boxes (a and b)
are shown magnified. Scale bars equal 10 m.
(C) EGFP-APC-M1 and indicated HA-tagged small GTPases were cotransfected into Vero cells, followed by immunoprecipitation with anti-
GFP antibody. IQGAP1 was coimmunoprecipitated with EGFP-APC-M1, as described in Figure 1C. HA-Rac1V12 and HA-Cdc42V12 were coimmu-
noprecipitated with EGFP-APC-M1 and IQGAP1, whereas HA-Rac1N17, HA-Cdc42N17, HA-RhoAN19, and RhoAV14 were not. The expression level
of each protein was comparable. The results were representative of four independent experiments.
were coimmunoprecipitated (Figure 3C). Similar results (RhoAN19) were not coimmunoprecipitated with EGFP-
APC-M1 (Figure 3C). Taken together with the resultswere obtained with constitutively active Cdc42 (Cdc42V12)
but not with constitutively active RhoA (RhoAV14) (Figure that both IQGAP1 and EGFP-APC-M1 were precipitated
with GTPS-loaded Rac1 or Cdc42, but not with GDP-3C). Dominant-negative Rac1 (Rac1N17), dominant-nega-
tive Cdc42 (Cdc42N17), and dominant-negative RhoA loaded Rac1 or Cdc42 (Supplemental Figure S1A at http://
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www.developmentalcell.com/cgi/content/full/7/6/
871/DC1/), these results indicate that APC and IQGAP1
localize to leading edges under the control of Rac1 and
Cdc42. In support of this, the expression of dominant-
negative Rac1 or Cdc42 diminished the accumulation
of both IQGAP1 and APC at the cell periphery. In cells
that express constitutively active Rac1 or Cdc42, IQGAP1
and APC accumulated at lamellipodia around cell pe-
ripheral regions (Supplemental Figure S1B).
Depletions of IQGAP1 and APC in Vero Fibroblasts
We next performed the depletion of IQGAP1 and APC
by using small-interference RNA (siRNA). The results of
immunoblot analysis revealed that IQGAP1 was specifi-
cally decreased by IQGAP1-specific siRNA (siIQGAP1)
(Figure 4A), whereas APC-specific siRNA (siAPC) and
control scramble siRNA did not affect the expression
levels of IQGAP1. The expression levels of moesin as a
control protein did not change. APC was specifically
decreased by the transfection of siAPC (Figure 4A). Un-
der these conditions,we confirmedby theuse of fluores-
cent-labeled siRNA that the transfection efficiency was
about 90% (data not shown). The depletion of IQGAP1
or APC was also evaluated by immunofluorescence
analysis. The transfection of siRNA was performed at
low transfection efficiency for Figure 4B. We identified
the transfected cells using fluorescent-labeled siRNA.
The transfection of siIQGAP1 and siAPC decreased the
immunoreactivities of IQGAP1 and APC, respectively,
at leading edges and in cytoplasm (Figure 4B). Nuclear
staining of anti-APC antibody was not affected by the
transfection of siAPC (Figure 4B), which suggests that
the nuclear staining of this anti-APC antibody is nonspe-
cific. These results indicate that both IQGAP1 and APC
accumulate to leading edges and that anti-IQGAP1 and
anti-APC antibodies specifically recognize IQGAP1 and
APC, respectively, at leading edges in Vero cells.
Interdependent Localization of IQGAP1
and APC at Leading Edges
We used a wound-healing assay to observe polarized Figure 4. Depletions of IQGAP1 and APC in Vero Cells
cell migration. After being wounded, Vero cells in the (A) Total cell extracts from scramble siRNA-, siIQGAP1-, or siAPC-
transfected Vero cells were subjected to immunoblot analysis withedges started to polarize and migrate to the opposite
anti-APC-C, anti-IQGAP1-N, and anti-moesin antibodies, which re-side within 1.5 hr, and they healed the wound within 12
vealed that levels of APC and IQGAP1 were specifically decreasedhr. The typical migrating cells showed polarized mor-
48 hr after the high-efficiency transfection. The results were repre-
phology, with a single leading edge facing the wound. sentative of three independent experiments.
IQGAP1was recruited to leading edges in a time-depen- (B) The depletion of IQGAP1 and APC in immunofluorescence analy-
dent fashion during wound healing (Figure 5A). We ex- sis. Vero cells were transfectedwith indicated siRNA at low transfec-
tion efficiency, followed by immunostaining with anti-IQGAP1-N oramined the effects of the depletion of IQGAP1 and APC
anti-APC-C antibody. Arrows indicate the depleted cells. Immunore-on the localization of the respective proteins under con-
activities at leading edges were apparently decreased. Scale barsditions where the transfection of siRNA was performed
equal 10 m.
at high efficiency and most cells at the wound edges
were labeledwith fluorescent siRNA (Figure 5B). IQGAP1
and APC localized at leading edges of migrating Vero which suggests that IQGAP1 and APC stay in a common
regulatory pathway. IQGAP1-CT and APC-M1 includecells transfected with scramble siRNA. The depletion of
APC inhibited the formation of the actin meshwork and the binding regions of APC and IQGAP1, respectively
(Figures 1 and 2). When Vero cells were transfectedthe accumulation of IQGAP1 at leading edges. The
depletion of IQGAP1 also inhibited the formation of the with EGFP-IQGAP1-CT at low transfection efficiency,
to visualize a single transfected cell, the expression ofactin meshwork and the accumulation of APC (Figures
5B and 6A). The cells often showed a prolonged protru- EGFP-IQGAP1-CT inhibited the accumulation of APC at
leading edges. The expression of either EGFP-APC-M1sion toward the proceeding direction when either APC
or IQGAP1 was knocked down (Figures 5B and 6A). or EGFP-APC-M1-N507K, which showed no binding ac-
tivity to Asef (Supplemental Figure S2A), prevented theVero cells that were transfected with siIQGAP1 or siAPC
showed a similar morphology during wound healing, accumulation of IQGAP1 at leading edges (Figure 5C
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Figure 5. Interdependent Localization of IQGAP1 and APC at Leading Edges
(A) Confluent Vero cells were wounded. Cells were incubated for the indicated periods and subjected to immunostaining with anti-IQGAP1-
N antibody. IQGAP1 was recruited to leading edges facing the wound in a time-dependent fashion. The results were from three independent
experiments. Scale bars equal 10 m. n  100.
(B) siRNA-transfected Vero cells were wounded. After 4 hr, cells were immunostained with anti-IQGAP1-N and anti-APC-C antibodies. The
depletion of IQGAP1 or APC impaired the accumulation of the counterpart. The regions in white boxes are shown magnified (right). Scale
bars equal 10 m.
(C) Vero cells transfected with the indicated EGFP-tagged IQGAP1 or APC were wounded, followed by immunostaining with anti-IQGAP1-N
or anti-APC-C antibody 4 hr after being wounded. The expression of IQGAP1-CT or APC-M1 inhibited the accumulation of APC or IQGAP1,
respectively, at the cell periphery. Arrowheads represent the cells expressing indicated EGFP-tagged proteins. The regions in white boxes
are shown magnified (right). Scale bars equal 10 m.
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Figure 6. IQGAP1 and APC Are Necessary for Directional Cell Migration
(A) Cells were cotransfected with the indicated siRNA and pEGFP-actin. The cells were wounded and subjected to time-lapse microscopy
for an additional 4 hr. The depletion of either IQGAP1 or APC inhibited actin meshwork formation and directional migration. Arrowheads
indicate the direction of the wound. Scale bars equal 10 m. The results are representative images of 30 independent experiments.
(B) Cells stably expressing EGFP-CLIP-170 were transfected with the indicated siRNA and then were wounded. After an additional 3 hr, cells
were subjected to time-lapse microscopy. Arrows indicate the direction of wound. White and red arrowheads indicate the immobile and
mobile EGFP-CLIP-170, respectively. The rectangles represent the region for the quantification and shown magnified (right). Dotted lines
indicate the wound edges. Scale bars equal 10 m (left) and 2 m (right).
(C) Quantification of immobile EGFP-CLIP-170-positive structures. The depletion of IQGAP1 or APC decreased the number of immobilized
EGFP-CLIP-170 at the cell periphery facing the wound. Asterisks indicate p 0.01 versus control cells. The results were representative images
of 10 independent experiments. n  500.
(D) siRNA and/or indicated constructs transfected Vero cells were wounded. After 4 hr, cells were immunostained with anti--tubulin and
anti--tubulin antibodies. Polarized -tubulin spots were counted in each transfected cell. Arrowheads indicate the position of -tubulin. The
regions in white boxes (left) are shown magnified (each right panel). Dotted lines indicate nuclei. The depletion of IQGAP1 or APC inhibited
the reorientation of MTOC. The results were representative of three independent experiments. n  100. Asterisks indicate p  0.01 versus
control cells. Scale bars equal 10 m.
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and Supplemental Figure S2B). We confirmed that the healing. The scramble siRNA-transfected cells showed
the polarized MTOC distributions 4 hr after woundingexpressions of these fragments inhibited the interaction
between IQGAP1 and APC (Supplemental Figure S2C). (Figure 6D). Under these conditions, the depletion of either
IQGAP1orAPC inhibited the reorientationofMTOC (FigureThese results indicate that IQGAP1 andAPC interdepen-
dently localize at leading edges in migrating Vero cells. 6D). These inhibitory effects were not rescued by the ex-
pression of constitutively active Rac1 or Cdc42 (Figure
6D). The expression of IQGAP1-CT, APC-M1, or APC-IQGAP1 and APC Are Necessary for Directional
M1-N507K inhibited the reorientation ofMTOC, whereasCell Migration
that of IQGAP1-CT, which lacks the APC binding re-IQGAP1 interacts with actin filaments, cross-links them,
gion, or APC-M1, which lacks the IQGAP1 binding re-and plays roles in cell motility (Briggs and Sacks, 2003;
gion, did not (Supplemental Figure S3A). The expressionFukata et al., 2003). However, the linkage of APC to actin
of truncated APC (APC-1309 and APC-1462), which in-filaments has not been reported. To clarify the functional
clude the IQGAP1 binding region, also inhibited the re-roles of IQGAP1 or APC on GFP-actin dynamics and
orientation of MTOC (Supplemental Figure S3A). Thesecell migration, Vero cells were cotransfected with GFP-
results indicate that IQGAP1 and APC are essential foractin and either siIQGAP1 or siAPC, followed by wound
cell polarization and migration in Vero fibroblasts.healing (Figure 6A). The scramble siRNA-transfected
Furthermore, we constructed an RNAi-resistant (RNAiR)cells displayed the polarizedmorphology. GFP-actin ac-
mutant of IQGAP1andAPCwith three silencemutations.cumulated at leading edges, and the cells migrated to-
The results of immunoblot analysis revealed that theward the opposite side at the velocity of 15.1	 2.8m/hr
expressions of these mutants were not decreased by(Figure 6AandSupplementalMovie S1). The depletion of
the cotransfection of each siRNA (data not shown). TheIQGAP1 prevented the formation of the actin meshwork
expression of RNAiR-IQGAP1-WT, RNAiR-APC-WT, orand slowed down cell migration (6.9	 1.5 m/hr). GFP-
RNAiR-APC-WT-N507K rescued the accumulation of theactin barely accumulated at leading edges (Figure 6A
counterpart and actin filaments at leading edges (Sup-and Supplemental Movie S2). Similarly, the depletion of
plemental Figure S3B), whereas that of RNAiR-IQGAP1-APC prevented the formation of the actin meshwork and
CT or RNAiR-APC-M1 did not (data not shown). Simi-slowed down cell migration (7.5 	 2.9 m/hr; Figure 6A
larly, the reorientation of MTOC was rescued by theand Supplemental Movie S3). The effects of the deple-
expression of RNAiR-IQGAP1-WT, RNAiR-APC-WT, ortion of APC on the accumulation of actin filaments were
RNAiR-APC-WT-N507K but not by that of RNAiR-IQGAP1-less profound than that of the depletion of IQGAP1. This
CT or RNAiR-APC-M1 (Supplemental Figure S3C).may reflect the difference between the direct binding of
IQGAP1 and the indirect binding of APC to actin fila-
ments. These results indicate that both IQGAP1 and Constitutively Active IQGAP1 Provides
the Accumulation Sites of APCAPC are necessary for actin accumulation at leading
edges and for directional migration. The expression of constitutively active IQGAP1, IQGAP1-
T1050AX2, induces multiple leading edges in Vero fibro-We previously proposed that Rac1 andCdc42 capture
CLIP-170 at the plus ends of growing microtubules, act- blasts (Fukata et al., 2002). We examined the effects of
the expression of IQGAP1-T1050AX2 on the accumula-ing through IQGAP1 (Fukata et al., 2002). We then exam-
ined the effects of the depletion of either IQGAP1 or tion of APC and actin filaments in Vero cells (Figure 7A).
In EGFP-IQGAP1-WT-expressing cells, APC localized atAPConEGFP-CLIP-170dynamics duringwoundhealing
(Figures 6B and 6C). In nonmigrating cells, EGFP-CLIP- the leading edges, where EGFP-IQGAP1-WT and actin
filaments accumulated in a similar fashion as in non-170 accumulated at the plus ends of growing microtu-
bules and disappeared as soon as it reached a cortical transfected cells (Figures 3A and 7A). The expression
of EGFP-IQGAP1-T1050AX2 induced multiple leadingregion (Fukata et al., 2002; Komarova et al., 2002). In
scramble siRNA-transfected cells, the immobilization of edges. At these multiple leading edges, APC was re-
cruited to where the actin meshwork was formed (FigureEGFP-CLIP-170 spots was observed at leading edges
facing the wound (Figures 6B and 6C and Supplemental 7A). The expression of either IQGAP1-T1050AX2-CT,
which lacks the APC binding region, or of IQGAP1-Movie S4). The depletion of either IQGAP1 or APC de-
creased the number of the immobilized EGFP-CLIP-170 G75Q/T1050AX2, which is mutated at the calponin ho-
mology domain and shows no binding activity to actinspots at the cell periphery facing the wound (Figures
6B and 6C and Supplemental Movies S5 and S6). These filaments, did not provide the accumulation sites with
APC or induce leading edges (data not shown). Takenresults indicate that both IQGAP1 and APC are neces-
sary for the immobilization of CLIP-170 at leading edges, together with the results that APC was cosedimented
with actin filaments in the presence of IQGAP1 in vitrowhich suggests that the stabilization of the plus ends
of microtubules is mediated via IQGAP1 and APC at the (Supplemental Figure S4), these results suggest that
constitutively active IQGAP1 can provide the accumula-cortical region.
In migrating cells, microtubules are stabilized at lead- tion sites with APC in a manner dependent on actin fila-
ments.ing edges. Dynein/dynactin is thought to pull the stabi-
lized microtubules, to induce the reorientation of the We have shown that both IQGAP1 andAPC are neces-
sary for the reorientation of MTOC. In Vero cells, themicrotubule-organizing center (MTOC) toward leading
edges. This MTOC reorientation contributes to direc- reorientation of MTOC was inhibited by the expression
of dominant-negative Cdc42 (Figure 7B), as describedtional cell migration (Gundersen, 2002; Ridley et al.,
2003). We next examined whether IQGAP1 and APC are elsewhere (Etienne-Manneville and Hall, 2001; Palazzo
et al., 2001). The expression of dominant-negative Rac1involved in the reorientation of MTOC during wound
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Figure 7. Constitutively Active IQGAP1 Provides the Accumulation Sites of APC
(A) Cells expressing EGFP-IQGAP1-WT or -IQGAP1-T1050AX2 were immunostained with anti-APC-C antibody and phalloidin. The expression
of IQGAP1-T1050AX2 induced multiple leading edges where APC and actin accumulated. Arrowheads indicate the accumulation sites of APC.
The regions in white boxes (a and b) are shown magnified. Scale bars equal 10 m.
(B) Cells expressing EGFP-IQGAP1-WT or -IQGAP1-T1050AX2 were wounded. Arrowheads indicate the position of -tubulin. The regions in
white box (left) are shown magnified (right). Dotted lines indicate nuclei. Scale bars equal 10 m. Graph: Quantification of the polarized MTOC.
The results were representative of four independent experiments. n  150. Asterisks indicate p  0.01 versus control cells.
(C) Vero cellswere transfectedwith EGFP-IQGAP1-WTor -IQGAP1-T1050AX2. The cellswerewounded and subjected to time-lapse observation.
IQGAP1-T1050AX2 accumulated at the backward periphery toward the wound (arrows) and inhibited cell migration. Arrowheads indicate the
direction of the wound. The results were representative of 25 independent experiments. Scale bars equal 10 m.
also inhibited the reorientation ofMTOC. The expression constitutively active Rac1 or Cdc42 (Figure 7B). We also
observed the migration of cells expressing EGFP-of IQGAP1-T1050AX2 inhibited the reorientation of
MTOC, but that of IQGAP1-WT did not (Figure 7B). This IQGAP1-WT or EGFP-IQGAP1-T1050AX2 during wound
healing. Cells expressing EGFP-IQGAP1-WT polarizedinhibitory effect was not rescued by the expression of
Developmental Cell
880
Figure 8. Proposal Model of the Role of
IQGAP1/APC Complex
Directional cell migration is usually initiated in
response to extracellular cues. Extracellular
signals, including growth factors and chemo-
kines, activate Rac1 and Cdc42 through their
receptors and certain GEFs at leading edges.
Activated Rac1 and Cdc42 induce the poly-
merization of actin filaments through their
effectors, including WAVE and WASP. Acti-
vatedRac1 andCdc42 alsomark spotswhere
IQGAP1 cross-links actin filaments. There,
APC is recruited through IQGAP1 to actin fila-
ments. IQGAP1 captures the plus ends of mi-
crotubules through CLIP-170. Then, APC sta-
bilizesmicrotubules directly and/or indirectly,
which are necessary for stable actin mesh-
work at leading edges.
and migrated toward the wound, similar to scramble diminishes the accumulation of IQGAP1 (Bashour et al.,
1997; Fukata et al., 2002) and APC at leading edgessiRNA-transfected cells (Figure 7C and Supplemental
MovieS7). EGFP-IQGAP1-T1050AX2occasionally accu- (data not shown), and that APC is required for cell migra-
tion (Hoier et al., 2000), it is most likely that both APCmulated backward and inhibited cell migration toward
the wound (Figure 7C and Supplemental Movie S8). and IQGAP1 are necessary for the stabilization of the
actin meshwork at leading edges for the migration ofThese results indicate that the expression of IQGAP1-
T1050AX2 inhibits cell polarization and directional mi- Vero fibroblasts and that APC is linked to cortical actin
filaments through IQGAP1 under the control of Rac1gration through the formation of additional leading
edges, which recruits APC with it, independent of Rac1 and Cdc42 (Figure 8).
Accumulating evidence suggests that other mole-or Cdc42.
cules are also involved in anchoring APC at the cortical
regions. The results of immunofluorescence studiesDiscussion
have revealed that a certain population of APC was
colocalized with actin filaments and IQGAP1 at leadingLinkage of APC to Cortical Actin Filaments
through IQGAP1 edges,whereasother populationsof APCdisplayeddot-
like structures where some microtubules are targetedIn the present study, we found that IQGAP1 directly
interacted with APC and that IQGAP1 and APC colo- (Etienne-Manneville and Hall, 2003; Mimori-Kiyosue et
al., 2000; Na¨thke et al., 1996). IQGAP1was not necessar-calized at leading edges, where Rac1 and Cdc42 were
localized. Activated Rac1 and Cdc42 formed a tripartite ily colocalized with APC at the dot-like structures, which
suggests that APC is not anchored through IQGAP1complex with IQGAP1 and APC. The ectopic expression
of the APC binding fragment of IQGAP1 or the IQGAP1 there. A possible anchoringmolecule for APC at the dot-
like structures is hDLG, which has a PDZ domain andbinding fragment of APC diminished the accumulation
of APC or IQGAP1, respectively, at leading edges in interacts with the carboxyl terminus of APC (Matsumine
et al., 1996). Many proteins harboring the PDZ motifVero fibroblasts. The depletion of IQGAP1 or APC inhib-
ited both the formation of the actin meshwork at leading function as anchoring molecules for various signaling
and cytoskeletal proteins (Garner et al., 2000; Harrisedges and cell migration but often induced the protru-
sions toward the proceeding direction instead of the and Lim, 2001). Further studies are required for a better
understanding of howAPC is anchored at the cortical re-typical leading edges. These atypical leading edgesmay
be induced by a lack of actin meshwork beneath leading gions.
Why is APCnecessary for IQGAP1 localization at lead-edges,where longermicrotubules have invaded (Bradke
and Dotti, 1999). These morphologies created by siRNA ing edges? One possible explanation is that APC is nec-
essary for microtubule stabilization at leading edgeswere rescued by the expression of RNAiR-IQGAP1-WT
and RNAiR-APC-WT but not by that of RNAiR mutants, (Dikovskaya et al., 2001). Consistent with this, we have
previously shown that the treatment of Vero cells withwhich lack the binding region of their counterparts. We
also found that constitutively active IQGAP1, which can nocodazole, which is a microtubule-disrupting reagent,
reduced the size of lamellipodia and decreased the ac-induce multiple leading edges (Fukata et al., 2002), pro-
vided the anomalous accumulation sites of APC in a cumulation of IQGAP1 and actin filaments there (Fukata
et al., 2002). We also found that RNAiR-APC-WT rescuedmanner dependent on actin filaments and also inhibited
proper cell migration. On the basis of these results and the inhibitory effect on the accumulation of IQGAP1/
actin filaments at leading edges, whereas the RNAiR-those of other studies that IQGAP1 interacts with actin
filaments and cross-links them in the presence of acti- truncated APC lacking the microtubule binding domain
did not (data not shown). Thus, the binding of IQGAP1vated Rac1 and Cdc42 (Bashour et al., 1997; Fukata et
al., 1997), that APC is cosedimentated with actin fila- and APC is direct, and the direct binding of APC to
IQGAP1 is necessary for the localization of APC at thements only in the presence of IQGAP1 in vitro (Supple-
mental Figure S4), that treatment with cytochalasin D actin meshwork in leading edges, whereas the effect
Role of IQGAP1/APC Complex in Cell Polarization
881
of APC on IQGAP1/actin meshwork can be mediated Possible Roles of Truncated APC in Tumorigenesis
In this study, we have shown that the expression ofthrough the stabilization of microtubules (Figure 8).
IQGAP1 binding fragments of APC, which is retained in
truncated APC, diminished the accumulation of IQGAP1Roles of IQGAP1 and APC in the Regulation
(Figure 5C) and polarized cell migration (Supplementalof Microtubule Dynamics
Figure S3A), as described elsewhere (Dikovskaya et al.,In migrating adherent cells, microtubules become polar-
2001; Etienne-Manneville and Hall, 2003; Mahmoud etized in two fashions: the selective stabilization of micro-
al., 1997). The expression of truncated APC (APC-1309tubules at the leading edge and the reorientation of
and APC-1462), which interacted with IQGAP1, also im-MTOC toward the direction. TIPs, such as CLIP-170
paired the polarization of MTOC (Supplemental Figuresand EB1, accumulate at the plus ends of growingmicro-
S2C and S3A). IQGAP1 is known to localize at the sitestubules and serve for the establishment of a polarized
of cell-cell contacts and regulate E-cadherin-mediatedmicrotubule array (Gundersen, 2002; Schuyler and Pell-
adhesion bothpositively andnegatively in epithelial cellsman, 2001). The capture and stabilization of microtu-
(Fukata and Kaibuchi, 2001; Noritake et al., 2004). Thebules facilitate cell migration through biased transport
depletion of IQGAP1 in epithelial cells diminishes theto leading edges and the modulation of the Rho family
accumulation of E-cadherin and -catenin at the sitesGTPase activity (Gundersen, 2002;Wittmann andWater-
of cell-cell contacts and enhances the dissociation ofman-Storer, 2001). We previously proposed that Rac1
cell-cell contacts (Noritake et al., 2004). APC is alsoand Cdc42 mark cortical spots where IQGAP1 captures
known to localize at the sites of cell-cell contacts in epithe-the plus ends of microtubules through CLIP-170 (Fukata
lial cells (Rosin-Arbesfeld et al., 2001). The accumulationet al., 2002). In the present study, we found that the
of E-cadherin and -catenin at the sites of cell-cell con-depletion of IQGAP1 decreased the number of immobi-
tacts is diminished in cells that express truncated APClized EGFP-CLIP-170 spots at the cell periphery facing
carrying both the IQGAP1 and the Asef binding regions.the wound, which indicates that IQGAP1 is necessary
(Carothers et al., 2001; Munemitsu et al., 1995). Thefor the stabilization of the plus ends of microtubules.
restoration of full-length APC in cells expressing trun-The depletion of APC showed similar effects. Because
cated APC enhances cell adhesion through the relocal-APC does not interact with CLIP-170 directly and is
ization of adhesion molecules (Faux et al., 2004). Onnecessary for the proper localization of IQGAP1 at lead-
the basis of these observations, it is possible that theing edges, it is possible that the effect of the APC deple-
expression of truncated APC in epithelial cells may im-tion is mediated by the dysfunction of IQGAP1. Alterna-
pair the localization and functions of IQGAP1 both attively, APC may stabilize the plus ends of microtubules
the sites of cell-cell contacts and at leading edges,by itself to immobilize EGFP-CLIP-170 (Mimori-Kiyosue
which leads to the deficiency in cell-cell adhesion, cellet al., 2000; Mogensen et al., 2002; Na¨thke et al., 1996;
polarization, and directional cell migration and, ulti-Zumbrunn et al., 2001). APC is known to interact with
mately, to transformedcells. Itwill be addressedhow theEB1 (Schuyler and Pellman, 2001). The roles of IQGAP1
interactions of APC with IQGAP1 and Asef individuallyand APC on EB1 dynamics remain to be clarified.
contribute to tumorigenesis in the future.The reorientation of MTOC is accompanied by that of
In conclusion, our results show that Rac1 and Cdc42the Golgi apparatus, and this reorientation contributes
recruit the IQGAP1/APC complex and that IQGAP1 linksto cell migration by facilitating microtubule growth into
APC to actin filaments for cell polarization and direc-the lamella and the microtubule-mediated delivery of
tional migration. It is worthwhile to examine the physio-vesicles to leading edges (Gundersen, 2002; Ridley et
logical meaning of their interaction in cell-cell adhesional., 2003). In astrocytes, the activationof Cdc42 is neces-
and tumorigenesis.sary for the reorientation of MTOC, but that of Rac1 and
RhoA is not (Etienne-Manneville and Hall, 2001). Cdc42
Experimental Proceduresis thought to regulate the reorientation of MTOC through
the stabilization of APC at the cell periphery, acting on
Materials and Chemicalsthe Par6/aPKC complex and GSK-3 (Etienne-Manne-
Anti-IQGAP1-N antibody was raised against GST-IQGAP1 (aa 1–863).
ville and Hall, 2003). APC may stabilize microtubule Anti-GFP and anti-CLIP-170-C polyclonal antibodies were described
arrays; then, dynein/dynactin at the cell periphery may by Fukata et al. (2002). Anti-IQGAP1 monoclonal, anti-APC-C poly-
clonal (C-20), and anti--tubulin monoclonal antibodies were pur-pull the stabilized microtubules to reorient MTOC (Pa-
chased from ZYMED (South San Francisco, CA), Santa Cruz (Palolazzo et al., 2001). We have found that IQGAP1 and
Alto, CA), and Sigma Chemical Co. (St. Louis, MO), respectively.Rac1, in addition to Cdc42 and APC (Etienne-Manneville
pEGFP-C1, pEGFP-actin, and pEYFP-Mem were purchased fromand Hall, 2003; Palazzo et al., 2001), are necessary for
Clontech Laboratories (Palo Alto, CA).
the reorientation of MTOC in migrating Vero fibroblasts.
We hypothesize that this is so because Vero fibroblasts
Plasmid Constructions
display a sector-shaped morphology with a single leading The constructs of pGEX-, pMal-, pEGFP-, and pEF-Bos small
edge toward proceeding direction, whereas astrocytes do GTPases and IQGAP1 fragments were produced as described else-
where (Fukata et al., 2002). To obtain constructs of APC, we sub-not show this sector shape or the typical leading edge
cloned the corresponding cDNA fragments of APC into pGEX-4T-1,where actin filaments are enriched. We speculate that the
pMal-c2, and pEGFP-C1 vectors. Tags were fused to the aminoactivity of Rac1 is necessary for the proper formation
terminal of the interest proteins. The mutant APC-M1-N507K wasof the actin meshwork beneath leading edges, where
generated with a site-detected mutagenesis kit (Stratagene, La
IQGAP1 and APC are interdependently anchored. This Jolla, CA) by changing Asn (aa 507) to Lys. RNAi-resistant (RNAiR)
may account for the necessity of Rac1 activation in the IQGAP1 and APC were created by three silence mutations into hu-
man IQGAP1 at nucleotides 363–381 (5




) and human APC at nucleotides 109–127 (5
-CTGGAGACT Time-Lapse Imaging and Image Analysis
Vero cells were transfected with the indicated siRNAs. 48 hr afterGAAGCATCAA-3
), respectively (underlining indicates mutations).
the transfection, the cells were wounded and observed with an
inverted microscope (IX71; OLYMPUS, Tokyo, Japan) with a cooledPreparation of Recombinant Proteins
CCD camera (CoolSNAP HQ; ROPER Scientific, Chiba, Japan) con-The expression and purification of GST and MBP fusion proteins
trolled by MetaMorph software (Universal Imaging Corp., Downing-were performed as described by Fukata et al. (2002). Actin cosedi-
town, PA). The quantification of mobile/immobilized EGFP-CLIP-mentation assay was performed as described by Fukata et al. (1997).
170-positive structures was as described by Fukata et al. (2002). In
brief, a rectangle (5m inside cortical region 20malong the cortical
Binding Assay In Vitro
region facing the wound) was set as a region for the quantification.
Purified MBP-fused IQGAP1 fragments were mixed with affinity
Time-lapse images of the wound were acquired every 3 s (20 frames
beads coated with GST-fused APC-M1 in buffer A (20 mM Tris/HCl
each) after 3 hr. The tips of EGFP-CLIP-170-positive structures
[pH 8.0], 1 mM dithiothreitol, 1 mM EDTA, 10 M [p-amidinophenyl]-
within the rectangle were tracked, and the displacementsweremea-
methanesulfonyl fluoride, and 10 g/ml leupeptin). The beads were
sured by ImagePro Plus 4.0 (Media Cybernetics, Silver Spring, MD).
then washed with buffer A, and the bound proteins were eluted by
Immobilized CLIP-170 was defined as spots whose displacements
the addition of buffer A that contained 10 mM reduced glutathione.
were 1 m over the course of 9 s in the selected rectangle. For
The eluates were subjected to sodium dodecyl sulfate (SDS)-poly-
the quantification of the polarized MTOC, MTOC was detected by
acrylamide gel electrophoresis (PAGE), followed by immunoblot
immunolabeling using anti--tubulin antibody. Theposition of immu-
analysis using anti-MBP antibody. The amount of IQGAP1-CT
nolabeled -tubulin in each cell was recorded. Cells at the wound
bounded with APC-M1 was detected in a linear range using serial
edge were divided up into three 120C sectors centering on the
dilutions of standards by chemiluminescent detection and estimated
nuclei, one of which faced the wound edge. Cells in which MTOC
with Densitograph (ATTO, Tokyo, Japan). Purified IQGAP1-CT was
waswithin the sector facing thewoundwere defined as the polarized
used as the standard for quantification.
MTOC, as described by Palazzo et al. (2001).
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